Dilated cardiomyopathy (DCM) is a leading cause of heart failure. In families with autosomal-dominant DCM, heterozygous missense mutations were identified in RNA-binding motif protein 20 (RBM20), a spliceosome protein induced during early cardiogenesis. Dermal fibroblasts from two unrelated patients harboring an RBM20 R636S missense mutation were reprogrammed to human induced pluripotent stem cells (hiPSCs) and differentiated to beating cardiomyocytes (CMs). Stagespecific transcriptome profiling identified differentially expressed genes ranging from angiogenesis regulator to embryonic heart transcription factor as initial molecular aberrations. Furthermore, gene expression analysis for RBM20-dependent splice variants affected sarcomeric (TTN and LDB3) and calcium (Ca 2+ ) handling (CAMK2D and CACNA1C) genes. Indeed, RBM20 hiPSCCMs exhibited increased sarcomeric length (RBM20: 1.747 ± 0.238 µm versus control: 1.404 ± 0.194 µm; P < 0.0001) and decreased sarcomeric width (RBM20: 0.791 ± 0.609 µm versus control: 0.943 ± 0.166 µm; P < 0.0001). Additionally, CMs showed defective Ca 2+ handling machinery with prolonged Ca 2+ levels in the cytoplasm as measured by greater area under the curve (RBM20:
Introduction
Dilated cardiomyopathy (DCM) is the most common diagnosis leading to heart transplantation in the USA (1, 2) . While its underlying etiology is often idiopathic, genetic mechanisms are now recognized as a major contributor to DCM pathogenesis (3, 4) . Nearly one-third of individuals with DCM have familial disease (5-7) and pathogenic mutations have been identified in over 40 genes (8, 9) . In 2009, genetic linkage analysis in families with autosomal-dominant DCM led to the discovery of heterozygous missense mutations in an arginine/serine-rich domain of RNAbinding motif protein 20 (RBM20) (10) . Mutations in RBM20 represent at least 3% of idiopathic DCM (11) , are linked to younger age at diagnosis and are strongly associated with morbidity and mortality (10, (12) (13) (14) (15) .
Compared with the majority of known DCM-causing genes encoding proteins responsible for structural integrity and contraction of cardiomyocytes, RBM20 is a functionally distinct gene, encoding an RNA-binding SR protein that regulates spliceosome formation and alternative splicing (11, 12) . Indeed, RBM20 DCM is a novel example of heart failure owing to a global defect in post-transcriptional regulation. RBM20 is predominantly expressed in striated muscle, with the highest expression in the heart (11) . In vitro and in vivo animal studies have significantly contributed to characterizing the structural and functional pathogenesis of Rbm20 deficiency. A naturally occurring lossof-function Rbm20 deletion in rats demonstrated that Rbm20 plays a major role in alternative splicing in cardiac adaptive responses mediated by titin (Ttn) and calcium/calmodulindependent protein kinase II (Camk2δ) (11, 16) . Deficient Rbm20 resulted in impaired sarcomere organization and ion transport in the sarcoplasmic reticulum and premature death. Additionally, knockdown studies in murine cells revealed Rbm20-deficient cardiogenesis attributable to early disruption of RNA processing and sarcomere remodeling, establishing its pathogenesis as a developmental disorder (16) . However, the initial molecular derangements in RBM20-mediated DCM remain unknown in human cardiomyocytes.
Induced pluripotent stem cell (iPSC) technology offers a transformative approach to bioengineer pluripotent stem cells from patient-specific somatic cells (17) (18) (19) . Bioengineered RBM20 patient-specific iPSC lines provide the novel opportunity to model heart disease, correlating clinical course with disease progression at a molecular level. Here we utilized the hiPSC model of RBM20 DCM for a patient-specific approach to map the primary transcriptome dysfunction and evaluate mechanistic corruption in disease pathogenesis. We hypothesized that RBM20 is an essential component of the RNA-processing machinery that is required to pattern normal structural and physiological integrity of nascent CMs. Insights gained from using patient-specific stem cells enable the anticipation of disease outcomes and targeting molecular therapy at the root cause of DCM.
Results

Generation of RBM20 familial DCM patient-specific hiPSCs
Dermal fibroblasts were obtained from two unrelated patients, a 26-year-old woman and a 35-year-old man, with familial DCM (Fig. 1A) (10) . Both patients had a clinically aggressive form of DCM owing to an identical missense mutation in exon 9 of the RNA-binding motif 20 (RBM20) gene (c.1906C>A, R636S; Fig. 1B ). Echocardiographic examination revealed left ventricular dilatation with reduced left ventricular ejection fraction (LVEF) and increased LV mass in both patients (Fig. 1C, D) . Findings on electrocardiography were nonspecific. Patient-specific iPSCs were generated from primary fibroblasts of RBM20 patients through Sendi viral infection with the reprogramming factors OCT4, SOX-2, KLF-4, and c-MYC (17, 20) . Similar hiPSCs previously established from fibroblasts of a healthy individual using the identical reprogramming method served as controls. The selected RBM20-hiPSC colonies displayed characteristic human embryonic stem cell (ESC) morphology ( Fig. 2A, top) , exhibited positive immunostaining for ESC markers SSEA-3, TRA-1-60 and NANOG ( Fig. 2A) and displayed alkaline phosphatase activity ( Fig. 2A, bottom) . Pluripotency of RBM20-hiPSCs was verified by in vitro teratoma formation assays, yielding cellular derivatives of all three germ layers including pigmented epithelium (ectoderm), columnar-lining epithelium (endoderm) and hyaline cartilage (mesoderm) (Fig. 2B) upon injection into the kidney capsules of immunodeficient mice. Finally, RBM20 and control-hiPSCs maintained normal karyotype (Fig. 2C) , indicating appropriate nuclear reprogramming.
Isoform changes in structural sarcomeric genes, TTN and LDB3
Using the monolayer differentiation strategy, healthy control and RBM20 hiPSC lines from both patients were differentiated into the cardiac lineage (Supplementary Material, Fig. S1a ). Control and RBM20 hiPSC-CMs were defined as spontaneously contractile cells with a transcriptional profile that varied from their originating pluripotent stem cell state. Indeed, the atlas of discrete cardiogenic pathways showed localized interactions with the RBM20 hub gene by network analysis (Supplementary Material, Fig. S2 ). Control hiPSC-CMs displayed an average beating rate of 60 beats per minute, and RBM20 hiPSC-CMs had an average beating rate of 63 beats per minute (data not shown).
Endogenous RBM20 expression in RBM20 familial DCM hiPSCCMs was significantly downregulated (RBM20: 0.752 ± 0.030 AU versus control: 1.436 ± 0.155 AU, averaged; P < 0.05, Fig. 3A) . In accordance with previously reported Rbm20-dependent isoform changes, TTN N2B adult isoform (exon 50-220) was downregulated (RBM20: 0.681 ± 0.017 AU versus control: 1.356 ± 0.294 AU, averaged; P < 0.01, Fig. 3B ) whereas TTN N2BA fetal isoform (exon 107-108) was upregulated (RBM20: 1.249 ± 0.086 AU versus control: 0.884 ± 0.019 AU, averaged; P < 0.05, Fig. 3C ) in RBM20 hiPSC-CMs. This mis-regulation of normal titin splicing lead to a shift from the N2B adult to N2BA fetal isoform (Fig. 3D ), resulting in an increased N2BA/N2B ratio (RBM20: 2.511 AU versus control: 0.650 AU and previously published cardiac tissue biopsy: 0.560 AU, averaged; P < 0.001) (21, 22) . It can be noted that an unspliced region of titin (exon 49-50) did not show statistically significant differences between control and RBM20 familial DCM hiPSC-CMs (Supplementary Material, Fig. S3a) .
Additionally, we found that LDB3 (LIM domain binding 3; also known as cypher), another gene that maintains sarcomere structure (23), was significantly downregulated in exon 2-6 region in Human Molecular Genetics, 2016, Vol. 25, No. 2 | 255 RBM20 familial DCM hiPSC-CMs (RBM20: 1.050 ± 0.108 AU versus control: 3.918 ± 0.571 AU, averaged, P < 0.05; Supplementary Material, Fig. S3b ), in agreement with previously reported changes in exon 4 of LDB3 (11). To evaluate potential changes owing to hiPSC-CM maturity level, standardized cardiomyocyte marker, MYL7, was examined and no marked differences were found between control and RBM20 familial DCM hiPSC-CMs (Supplementary Material, Fig. S3c ).
Structural assessment of RBM20 hiPSCs-CMs
We next analyzed the sarcomeric structure of RBM20 hiPSC-CMs by immunostaining and transmission electron microscopy (TEM). At Day 20 of differentiation, both control and RBM20-deficient CMs showed expression of structural markers, α-actinin, MF20 (anti-myosin heavy chain), myosin light chain 2a and 2v (Mlc2a/2v), and cardiac troponin T (cTnT) (Fig. 4A) , confirming the cardiomyocyte phenotype of these cell lines. In accordance with previous mouse Rbm20-deficient studies (16), we observed disorganized actinin fibers in addition to elongated and narrow sarcomeres. To quantify the degree of sarcomere abnormalities in human cells, we performed blinded quantitative morphometric assessment of sarcomeric dimensions in both RBM20 familial DCM and control CMs at Day 20. This assay revealed a significant increase in sarcomere length [RBM20: 1.747 ± 0.238 µm (n = 350; average RBM20 Patient 1 and RBM20 Patient 2) versus control: 1.404 ± 0.194 µm (n = 175); P < 0.0001] (Fig. 4B ) and a decrease in sarcomere width [RBM20: 0.791 ± 0.609 µm (n = 350; average RBM20 Patient 1 and RBM20 Patient 2) versus control: 0.943 ± 0.166 µm (n = 175); P < 0.0001] (Fig. 4C ) in RBM20 hiPSC-CMs compared with healthy control CMs. In agreement, this abnormal pattern in sarcomere morphology was also observed in previously reported RBM20 patient-derived samples from cardiac biopsy (16) . TEM experiments verified the atypical sarcomere geometry in RBM20 hiPSC-CMs compared with healthy control cardiomyocytes with length [RBM20: 1.653 ± 0.171 µm (n = 3) versus control: 0.863 ± 0.203 Isoform changes in calcium-handling genes, CACNA1C and CAMK2D
Differential splicing of CACNA1C, which encodes the α1C subunit of the L-type calcium (Ca 2+ ) channel, and CAMK2D, which regulates Ca 2+ homeostasis in the heart, are associated with RBM20 mutation (11). Moreover, it was reported that the persistence of the unspliced form of Camk2d is independently linked to the DCM phenotype (24) . Concurrently, we found downregulated expression of both CACNA1C in exon 8-10 (RBM20: 1.019 ± 0.059 AU versus control: 1.796 ± 0.155 AU, averaged, P < 0.01; Supplementary Material, Functional assessment of RBM20 hiPSCs-CMs 
Effect of chronotropic stress
We next examined whether treatment with β-adrenergic agonist, a positive inotropic reagent, can induce the phenotypic stress response of RBM20 familial DCM hiPSC-CMs. Indeed, in vitro treatment with 10 µm norepinephrine (NE) markedly increased the number of CMs with punctate sarcomeric α-actinin distribution from RBM20 familial DCM-iPSC clones (Fig. 6A) . Several RBM20 hiPSC-CMs showed complete myofilament degeneration following NE treatment, which was not present in control hiPSC-CMs (Fig. 6A) . Disorganized sarcomeric pattern, defined as ≥25% punctate appearance, was more evident in RBM20 hiPSC-CMs [RBM20: 86 ± 10.5% (n = 63; averaged RBM20 Patient 1 and RBM20 Patient 2) versus control: 40 ± 7% (n = 60); P < 0.001] (Fig. 6B) . Additionally, average cell area (mm 2 ) decreased in RBM20 hiPSC-CMs following NE treatment (Supplementary Material, Fig. S6 ). These findings indicate that RBM20 hiPSC-CMs are susceptible to chronotropic stress induced by in vitro β-adrenergic stimulation, corresponding with previous findings in TNNT2 familial DCM hiPSC-CMs (18).
Microarray and gene ontology analysis
RBM20 is known to regulate cardiac gene expression owing to its role in RNA processing (10, 25) . To map the RBM20 transcriptome, hiPSC lines from RBM20 familial DCM patients and healthy controls were profiled across cardiogenesis including stages that preceded cellular phenotypes consistent with maladaptation. In the differentially expressed RBM20 profile, 38 of the 50 (76%) genes were downregulated (Fig. 7A) and 12 of the 50 (24%) genes were upregulated (Fig. 7B) according to the time-course microarray data set (five time points from hiPSC to adult cardiomyocyte). Gene ontology (GO) enrichment analysis of these 50 genes identified key functions including the pattern specification process (TBX18, CYP26B1, HHIP and LHX2), embryonic heart tube development, response to metal ion (PTGS2 and SERPINA1), embryonic organ development and cholesterol homeostasis (HMGCS2, APOA1 and MTTP) from RBM20 Patient 1 [P ≤ 2.9E−2 calculated based on hypergeometric distribution from Database for Annotation, Visualization and Integrated Discovery (DAVID, v6.7)] (Fig. 7C) . Furthermore, RBM20 patient 2 demonstrated GO enrichment analysis with prioritized defects in blood vessel development (ARHGAP22, WT1, LEPR and COL15A1), vasculature development (ARHGAP22, WT1, LEPR and COL15A1), cholesterol metabolic process (HMGCS2, APOA1, LEPR and TYRP1) and regulation of signal transduction (SIX3 and DKK2) (P ≤ 2.1E−2 calculated based on hypergeometric distribution from DAVID, v6.7) (Fig. 7D) . The most significantly enriched function conserved between both RBM20 patients centered on the pattern specification process (TBX18, CYP26B1, HHIP and LHX2) (P ≤ 2.8E−8 calculated based on hypergeometric distribution from DAVID, v6.7), which govern cell response and instruction to differentiate during early development (26) . These results highlight the conserved developmental defects across two families with identical mutations linked to the molecular etiology of RBM20 familial DCM leading to dysfunctional cardiac gene expression during early stages of stem cell-derived cardiogenesis.
Discussion
Familial DCM is a progressive heart disease associated with heart failure and risk of sudden death. In the current study, we evaluated the ability of hiPSC technology to model familial DCM caused by RBM20 mutation and provided mechanistic insights by transcriptome evaluation. To our knowledge, mutations in RBM20 are the first genetic abnormalities of post-transcriptional modification that results in non-syndromic cardiomyopathy. Remarkably, the originally reported RBM20 missense mutations were concentrated in a hotspot comprised of five amino acids within an arginine/serine-rich region (10) . Here, patient-specific hiPSCs were created from two unrelated patients with familial DCM caused by the identical R636S missense mutation in the RBM20 gene.
While penetrance of familial DCM is age-dependent and variable, RBM20 mutations have been described to be highly penetrant and associated with earlier age at diagnosis of DCM (10, 14, 15) . Brauch et al. found only 5 of 44 at-risk family members who carried an RBM20 mutation but did not fulfill DCM diagnostic criteria (10) . Moreover, four of these five subjects had LV dilatation, a known precursor to DCM (5,7). Currently, the pathogenesis of RBM20 DCM at the molecular and cellular level is not sufficiently understood to account for variable, age-dependent penetrance. Whether hiPSC technology and the ability to derive patient-specific CMs can provide information that predicts DCM penetrance and outcome remains to be determined. Our sample size is too small to make definitive correlations between hiPSC-CM and in situ cardiac phenotypes. However, it is intriguing that Patient 2, with more severe LV remodeling (i.e. increased LV dilation and mass) than Patient 1, had exaggerated sarcomeric disarray and Ca 2+ dysregulation. Both were treated with standard carvedilol pharmacotherapy. Additional studies of hiPSC clones from phenotypically characterized RBM20 mutation carriers, accounting for variables of age, sex and medical treatment, will be required to potentially identify modifying genes or epigenetic mechanisms. By assessing CMs differentiating from RBM20 DCM-hiPSCs and comparing them with healthy control cells, we were able to (i) confirm sarcomeric abnormalities in both electron microscopy studies and α-actinin immunostaining analysis, (ii) identify calcium-handling properties with Fluo4-AM-labeled fluorescent video imaging, (iii) demonstrate susceptibility to chronotropic stress from β-adrenergic stimulation with norepinephrine, (iv) map dynamic gene expression profile of RBM20 DCM-hiPSCCMs during in vitro cardiogenesis and (v) pinpoint divergent cardiac gene networks that disrupt the early patterning of RBM20 cardiogenesis.
Collectively, these findings indicate that hiPSC model system is sufficient to recapitulate molecular defects in patients with DCM owing to mutations in RBM20 and reveal mechanistic insights to reversible pathogenesis. These findings are consistent with recent studies that demonstrated pathological changes in Rbm20-deficient rats with impaired splicing of the sarcomeric protein, Titin and the calcium regulator, Camk2d, leading to structural and functional defects (11) . In our study, the in vitro RBM20 familial DCM hiPSC-CM model from quality-controlled and selected clones of both patients reproduced the structural (sarcomeric alterations) and functional (abnormal calcium handling) properties, thought to be central to DCM pathogenesis. This was manifested in the ultrastructural analysis of the RBM20 DCM hiPSC-CMs by the elongation and narrowing present in sarcomere geometry. Previously, cardiac biopsy tissues derived directly from patients with RBM20 mutations were described to have an analogous sarcomeric morphological structure (16) . Herein, we show for the first time that altered structure of sarcomere unit in patient-derived cardiac biopsy tissues with RBM20-dependent DCM can be recapitulated in vitro with patient-specific RBM20 DCM hiPSC disease model.
Furthermore, this structural abnormality of the sarcomere units could be in part attributed to RBM20-dependent mis-splicing of LDB3 and TTN, which is required for proper maintenance of striated muscle independent of physiological stress (22, 23) . Indeed, we observed TTN isoform switching from the N2B adult to N2BA fetal isoform. Notably, increased N2BA/N2B ratio has independently been identified in the setting of heart failure (22, 27) . Distinguishing splice variants at the protein level deserves further investigation as these structural changes may contribute to a reduction in cardiac contractility of DCM patients.
In addition to the sarcomeric structural aberration, RBM20 DCM hiPSC-CMs revealed dysregulation of Ca 2+ homeostasis compared with control hiPSC-CMs. Previously, genome-wide transcriptome analyses have identified a cohort of RBM20-dependent genes, including CACNA1C and CAMK2D (11, 28) . CAMK2D and CACNA1C are involved in the highly coordinated process of translating electrical signals into mechanical conduction in the heart (28). Additionally, the persistence of the unspliced form of CAMK2D was independently reported to be associated with the DCM phenotype (24) . Our collective splicing analysis suggests that RBM20 has a crucial role in multiple aspects of cardiac function through effects on genes involved in biomechanics (TTN and LDB3), ion homeostasis and electrical activity (CAMK2D and CACNA1C) and signal transduction (CAMK2D). Additionally, changes in isoform expression of LDB3 and CACNA1C have been independently associated with DCM and arrhythmia, respectively (29, 30) . In accordance with this link between Ca 2+ machinery alterations and cardiomyopathy, Fluo4-AM recordings of the RBM20 DCM hiPSC-CMs showed greater area under the curve and peak amplitude of Ca 2+ transients, as well as prolonged time between Ca 2+ spikes resembling those previously reported in murine models (16) . While imbalances in Ca 2+ homeostasis have been reported as a key characteristic in several cardiomyopathies (31, 32) , it remains to be elucidated whether these abnormalities are a symptom of DCM or the causal factor. This in vitro data suggest Ca 2+ is likely causative as this phenotype is demonstrated early and in the absence of physiological stress. RBM20 DCM hiPSC-CMs, in addition to being less capable of maintaining their sarcomeric structural and Ca 2+ handling functional integrity, are more susceptible to positive chronotropic (heart rate) stress. Previous studies have shown that DCM phenotype in mouse transgenic models of DCM can be induced by positive inotropic (contractile) stress (33, 34) . Indeed, increased contraction force can exacerbate symptoms in clinical DCM patients (35) . Higher sensitivity to chronotropic stress was noted in RBM20 DCM hiPSC-CMs leading to increased percentage of disorganized cells. This finding is in agreement with the work of Lan et al., who observed a similar response to norepinephrine treatment in hiPSC lines from familial hypertrophic cardiomyopathy (36) . Furthermore, inotropic and chronotropic agents such as dobutamine are currently used in stress echocardiography to establish prognosis of patients with idiopathic DCM (37) . For patients with RBM20 DCM, monitoring in vitro response to inotropes yields a robust and consistent readout, indicating a previously unknown mechanism of stress tolerance. Future studies could utilize this in vitro stress test model to provide dose-dependent information and aid as an independent predictor of DCM onset and prognosis for at-risk individuals identified by genetic screening. Recent studies recognized familial DCM as a developmental disorder that is patterned during early cardiogenesis and propagated with cellular mechanisms of pathological cardiac remodeling (16) . Here, we established a comprehensive microarray time course of human RBM20 DCM and healthy, control cardiac development based on natural differentiation stages, including pluripotent, early cardiac and late cardiac phases. By overlapping unbiased RBM20 and control transcriptome profiles from hiPSC lines, we derived a set of differentially expressed genes with a majority of downregulated substrates. Indeed, RBM20 is involved in regulating spliceosome formation and alternative splicing of cardiac-specific genes (12) . Previous studies using RNA deep-sequencing identified >30 Rbm20-dependent genes as alternatively mis-spliced (11) . Here, we show that dysregulation of a wide range of cardiac-related genes and pathways can be effectively detected using the patient-specific hiPSC disease model system. Specifically, we identified novel functions including the pattern specification process, which regulates cellular differentiation during development and early patterning of mesoderm (38) . We believe these results are the first report to demonstrate early molecular perturbations in human RBM20 cardiogenesis.
Despite the advantages of the hiPSC approach to model cardiogenesis of inherited cardiac disorders, this strategy possesses inherent limitations including the inability to evaluate pathological changes at the tissue and systemic levels such as interstitial fibrosis, scarring and myocyte disarray (36) . This could be important, for example, in studying the potential physiological role of chamber dilatation and systolic function in DCM (10) . Advancements in tissue engineering, however, could provide a solution to study three-dimensional properties and external mechanical forces of patient-specific heart tissue (39). Another limitation is that hiPSC-CMs have been described as developmentally immature with similar gene expression profiles as fetal cardiomyocytes (36, 40) . Ongoing efforts in the field include the development of strategies to induce hiPSC-CM maturation (41) . Variances in maturity as well as sex could account for differences in GO analysis between the RBM20 patients. Finally, several unique missense mutations including R634Q, R636S, R636H, S637G and P638L (10) have been identified to cause RBM20 DCM, and our findings will need to be confirmed as common pathways before molecular therapies could be designed.
The findings in this study are limited to quality-controlled and selected clones based on efficient reprogramming, cardiac differentiation potential and beating activity. Results may be further focused with a more diverse cohort to decipher diseasecausing pathways. Utilizing multiple clones from isogenic control iPSC lines generated by correcting RBM20 mutations using genome editing tools would be ideal, particularly for future studies profiling gene expression studies between control and disease iPSC-derived cardiac cells at different developmental stages. Additionally, quantifying stage-specific percentage of CMs, smooth muscle cells (SMCs) and endothelial cells (ECs) in the total differentiated population could allow for better interpretation of the microarray results.
In conclusion, our data demonstrate the unique ability of the hiPSC technology to model RBM20 DCM. Using this approach, we demonstrated that some of the key features of RBM20 DCM including sarcomere-related pathology, abnormal Ca 2+ handling
properties and chronotropic susceptibility of RBM20 DCM-hiPSCCMs are discernable in vitro. This study also provides important dysfunctional molecular networks in early RBM20 cardiogenesis, offering a distinctive advantage for genotype-phenotype analysis to decipher initial disease-causing mechanisms using patientspecific stem cells. Future studies can utilize disease-specific hiPSC-CM models of RBM20 DCM for pharmacological screening to identify molecules that can halt or reverse dysfunctional cardiogenesis.
Materials and Methods
An expanded description of the methods used for teratoma formation, immunofluorescence, gene expression, TEM, norepinephrine (NE) challenge, microarray and statistical data analysis is provided in Supplementary Material.
Patient-specific hiPSC derivation
The study protocol was approved by the Mayo Clinic Institutional Review Board (Mayo Clinic IRB 12-007154), and subjects were enrolled following informed written consent. Dermal fibroblasts were isolated from a punch skin biopsy obtained from two unrelated patients in whom familial pathogenic RBM20 mutations had previously been identified (RBM20 Patient 1, 26-year-old female, and RBM20 Patient 2, 35-year-old male) (10). Fibroblasts were similarly isolated from a 21-year-old healthy female control subject without RBM20 mutation. Disease and control patientspecific hiPSC lines were generated by Sendai virus reprogramming with OCT4, c-MYC, SOX2 and KLF4 as previously described (17, 20) . hiPSC clones were maintained in mTeSR1 media (Stemcell Technologies, Vancouver, Canada) on geltrex-coated culture dishes (Life Technologies, Grand Island, NY).
hiPSC cardiac differentiation CM differentiation of RBM20 ( passage ≤ 35 to 40) and control ( passage ≤ 30) hiPSCs was initiated using the chemically defined medium, three components (CDM3) protocol as previously described (42) . Briefly, undifferentiated hiPSCs were dispersed into single-cell suspension using TrypLE Express (Life Technologies) and plated as a monolayer on geltrex-coated culture dishes. At 80% to 90% confluence, media was changed to CDM3, consisting of RPMI 1640 medium (Life Technologies), 75 mg/ml O. sativa-derived recombinant human albumin (Sigma-Aldrich, St. Louis, MO) and 64 mg/ml L-ascorbic acid 2-phosphate (Sigma-Aldrich) (42 
Calcium imaging
Intracellular calcium (Ca
2+
) dynamics in control and RBM20 DCM hiPSC-CMs at Day 20 were assessed as previously described (16, 43) . Briefly, cells were dissociated into small clumps using collagenase II (480 U/ml for 15 min; Worthington, Lakewood, NJ) and plated on geltrex-coated 35- 
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Supplementary Material is available at HMG online.
